Analysis of the interactions of low-risk human papillomavirus type 11 (HPV11) L2 with karyopherin ␤ (Kap ␤) nuclear import receptors revealed that L2 interacted with Kap ␤ 1 , Kap ␤ 2 , and Kap ␤ 3 and formed a complex with the Kap ␣ 2 ␤ 1 heterodimer. HPV11 L2 contains two nuclear localization signals (NLSs)-in the N terminus and the C terminus-that could mediate its nuclear import via a classical pathway. Each NLS was functional in vivo, and deletion of both of them abolished L2 nuclear localization. Both NLSs interacted with the viral DNA. Thus, HPV11 L2 can interact with several karyopherins and the viral DNA and may enter the nucleus via multiple pathways.
Human papillomavirus (HPV) virions consist of a single molecule of 8-kb double-stranded circular DNA contained within a spherical capsid composed of 72 L1 capsomers and the L2 minor capsid protein, estimated to have 36 molecules per capsid (10, 15) . Although L1 expressed alone in mammalian cells harboring episomal DNA forms virions (18) , L2 expression is required for efficient encapsidation of the viral DNA (15, 17) . Expression and nuclear import of L2 during the productive stage precede the expression and nuclear translocation of L1 (5) . Studies with HPV virions in raft cultures have shown that L2 participates in at least two steps in the production of infectious virus (7) . L2 binds to cells (9, 19) and interacts with ␤-actin and tSNARE syntaxin 18 (1, 20) and also facilitates the escape of the viral genome from the endocytic compartment after viral uncoating (8) . Cleavage of L2 at a furin consensus site located in the N terminus was reported to be required for infection (14) . Bovine papillomavirus type 1 (BPV1) L2 termini required for infectivity can function as nuclear localization signals (NLSs) mediating nuclear import via a classical pathway, and the C-terminal NLS (cNLS) can also interact with the viral DNA (4). These results, together with the colocalization of the incoming L2 and genome in the nucleus at ND10 (3), suggest that BPV1 L2 may facilitate the nuclear localization of the genome in the initial stages of infection. In a related virus, simian virus 40, nuclear import of simian virus 40 DNA is mediated by the VP3 capsid protein via interaction with the importin heterodimer (12) .
Active nuclear import of proteins is mediated by import receptors of the karyopherin ␤ (Kap ␤)/importin ␤ superfamily that interact with nucleoporins at the nuclear pore complex to transport the proteins into the nucleus. Binding of nuclear RanGTP to the Kap ␤s causes dissociation of the import complexes, leading to the release of the transported cargoes inside the nucleus (6, 11) . In this study we investigated the interactions of the L2 minor capsid protein of low-risk HPV11 with import receptors and viral DNA and mapped its NLSs and DNA binding sites. The His-tagged HPV11 L2 contained in the pProEX HTb plasmid vector (16) was expressed in Escherichia coli BL21-CodonPlus and purified as previously described (2) . We analyzed the interactions between His-tagged HPV11 L2 and the karyopherins via overlay blotting assays (2) . The L2 blots were either detected with an anti-His antibody or incubated with increasing concentrations of different Kaps (Fig. 1) . The Kap ␣ 2 adapter bound to L2 at concentrations of 2.5 and 5 g/ml Kap ␣ 2 in either the absence or presence of Kap ␤ 1 (Fig. 1A , lanes 3, 4, 6, and 7). Glutathione S-transferase (GST)-Kap ␤ 1 bound directly to L2, but in the presence of increasing concentrations of Kap ␣ 2 , the amount of Kap ␤ 1 bound increased (Fig. 1A , lanes 8, 10, and 11). Moreover, RanGTP inhibited the formation of the Kap ␣ 2 ␤ 1 /L2 complex (Fig. 1A, lane 12) , suggesting that the complex can be dissociated in the nucleus by RanGTP. GST did not bind L2 (Fig. 1A, lane 13 ). These data suggest that HPV11 L2 forms an import complex with Kap ␣ 2 ␤ 1 heterodimers via interaction with the Kap ␣ 2 adapter.
Three import receptors interacted directly with HPV11 L2 but with different affinities: GST-Kap ␤ 1 at concentrations of 10 and 15 g/ml (Fig. 1C) , GST-Kap ␤ 2 at 5 and 10 g/ml (Fig. 1D) , and GST-Kap ␤ 3 at 2 and 5 g/ml (Fig. 1E) . GST did not interact with HPV11 L2 (Fig. 1B) . Significantly, RanGTP inhibited the interactions between each Kap ␤ import receptor and L2 (Fig. 1C, D , and E, lanes 5). We have previously shown that high-risk HPV16 L2 interacts with Kap ␣ 2 ␤ 1 , Kap ␤ 2 , and Kap ␤ 3 (2) . Thus, L2 of low-risk HPV11 has a conserved pattern of interactions with HPV16 L2 but also interacts directly with Kap ␤ 1 . In contrast, BPV1 L2 interacts with Kap ␣ 2 ␤ 1 heterodimers but not with either Kap ␤ 2 or Kap ␤ 3 (4). HPV16 L2 contains two NLSs, localized near the N terminus (nNLS) and the C terminus, that can independently mediate nuclear import of L2 (2), and in other HPV L2 proteins, these positively charged sequences are partially conserved. We made GST fusion proteins as previously described (2) with the corresponding N-terminal sequence (nNLS ϭ 1 MKPRAR-RRKRA 11 ) and C-terminal sequence (cNLS ϭ 439 AR-RRRKRI 446 ) of HPV11 L2 and analyzed them in nuclear import assays in digitonin-permeabilized HeLa cells (2) . This analysis revealed that both the nNLS and the cNLS could mediate nuclear import of a GST reporter in the presence of either exogenous cytosol containing the karyopherins or recombinant Kap ␣ 2 ␤ 1 heterodimers plus RanGDP (Fig. 2, panels B, C, E, and F) . GST-NLS 16L1 , used as positive control for the classical pathway (13) , was also imported in the presence of either cytosol or Kap ␣ 2 ␤ 1 plus RanGDP (Fig. 2 , panels H and I), whereas GST was not (Fig. 2, panels K and L) . In agreement with these data, in solution binding assays performed as previously described (2) both the nNLS and cNLS formed complexes with Kap ␣ 2 ␤ 1 heterodimers via interaction with Kap ␣ 2 , with the nNLS having a higher affinity than the cNLS (data not shown). Assays of L2 or the L2 mutants binding to Kap ␤ 2/3 receptors revealed that deletion of the nNLS abolishes the interaction of HPV11 L2 with Kap ␤ 2/3 (data not shown), suggesting that the nNLS is required for these interactions, as it is for HPV16 L2 (2) .
To examine the roles of the nNLS and cNLS of HPV11 L2 in vivo, we generated plasmids containing enhanced green fluorescent protein-L2 (EGFP-L2), EGFP-L2⌬N (lacking the nNLS), EGFP-L2⌬C (lacking the cNLS), and EGFP-L2⌬N⌬C (lacking both NLSs), using the pEGFP-C1 plasmid (Clontech, Inc.), carried out transfection assays in HeLa cells, and examined the localization of EGFP-L2 fusion proteins via fluorescence microscopy. EGFP-L2 showed a clear nuclear localization, in contrast with the diffuse localization of the EGFP throughout the cell (Fig. 3A, panels A and C) . Although the EGFP is small enough to passively diffuse through the nuclear pore complex, EGFP-L2 (as well as L2 itself) is above the limit of passive diffusion and its nuclear localization requires an NLS(s). Both EGFP-L2⌬N and EGFP-L2⌬C had a predominant nuclear localization in HeLa cells (Fig. 3B , panels A and C), suggesting that either NLS can mediate nuclear import of L2 in vivo. In contrast, localization of EGFP-L2⌬N⌬C lacking both NLSs was mostly cytoplasmic (Fig. 3B, panel E) , suggesting the absence of an additional NLS in HPV11 L2.
We previously showed that BPV1 L2 interacts via its cNLS with DNA in a DNA sequence-independent manner (4). We analyzed the interactions of the two NLSs of HPV11 L2 and HPV16 L2 with either the HPV16 DNA plasmid or an unrelated DNA using DNA mobility shift assays (4) . Each NLS interacted efficiently with the viral DNA and with the unrelated DNA, whereas GST did not (Fig. 4) (data not shown). Deletion of both NLSs in the L2⌬N⌬C strongly inhibited the interaction of the L2 proteins with the DNA (data not shown). These data suggest that the NLSs of Overall, the data show that HPV11 L2 interacts via its two NLSs with several Kaps and the viral DNA and may enter the nucleus via multiple pathways. The high-affinity binding of HPV11 L2 to Kap ␤ 2 and Kap ␤ 3 suggests that the pathways mediated by these import receptors may be preferentially used by L2 in conditions of competition with host proteins for the classical pathway. Future studies in vivo with HPV L2 proteins and specific mutants will investigate how interference with NLS function affects HPV infection and analyze the potential role of L2 proteins in the nuclear localization of the viral DNA.
